In the present work, sensitivity analyses are performed on a plant-wide model incorporating the typical treatment unit of a full-scale wastewater treatment plant and N 2 O production and emission dynamics. The influence of operating temperature is investigated. The results are exploited to identify the biological mechanisms responsible for N 2 O emissions, TN removal efficiency, competition for oxygen among the different microbial groups and the trade-off between oxygen consumption and effluent nitrogen loading. It was found that N 2 O emissions are triggered by poor oxygenation levels which cause an imbalance in the activity of NOB over the activity of AOB. As a matter of fact this imbalance leads to nitrite accumulation which in turn triggers AOB denitrification. This is particularly true at high temperatures, due to higher difference between AOB and NOB specific growth rates. At the same time, too high oxygen availability is found to inhibit heterotrophic denitrification, leading to incomplete reduction of nitrogen oxides and thereby to an accumulation of nitrous oxide. High oxygen supply is also found to worsen effluent quality via inhibition of heterotrophic denitrification. Low temperatures have shown to drastically limit aerobic AOB activity, thus compromising effluent quality. Finally, the organic biodegradable carbon surplus leaving the *Revised Manuscript (clean for typesetting) Click here to view linked References anoxic zone is identified to slow down NOB activity via oxygen competition with heterotrophs in the aerobic zone. With regard to the control strategy for the minimization of N 2 O emissions, the ratio between nitrate produced and ammonium consumed in an aerobic zone should be considered as candidate controlled variable to check whether nitrification is complete or nitrites are building up. Oxygen availability should be regulated according to the measured controlled variable.
Introduction
Nitrous oxide (N 2 O) is a greenhouse gas with a global warming potential (GWP) three hundred times stronger than carbon dioxide. Several measurement campaigns have found that N 2 O is being emitted from domestic wastewater treatment plants (WWTPs) in a variable amount according to plant configuration and operating conditions [1] [2] [3] [4] [5] [6] . Given its strong GWP, control strategies reducing N 2 O emissions become necessary with the aim of reducing the WWTP carbon footprint. N 2 O is typically produced during the nitrogen removing biological processes, namely autotrophic nitrification and heterotrophic denitrification.
There are specific environmental conditions triggering N 2 O production, and knowing them is essential for the development of N 2 O-minimizinig control strategies. In full-scale WWT systems where different microbial communities coexist, the amount of N 2 O produced does not solely depend on the kinetics of a single microbial group but also on the interactions among the different biological processes. For this reason, observations from laboratory experiences, where a single microbial group is selected, are considered not to be enough. On the other hand, full-scale measurements have only been able to guess which pathway is more important for the specific plant studied, but have not allowed formulating a generic framework for reducing [7] . The BSM2N is an extension of the BSM2 platform by Jeppsson et al. [8] with processes for N 2 O production by Guo and Vanrolleghem [9] . On this model, two sensitivity analyses are performed: one investigating the effect of operating conditions such as oxygen mass transfer coefficient and influent ammonium on the N 2 O emissions keeping the parameters at their default value, and another investigating the effect of model parameter uncertainties on the N 2 O emissions, keeping the operating conditions such as oxygen and total suspended solids fixed.
Besides analysing the quantity of N 2 O emitted, and considering that minimizing N 2 O has to be performed in such a way that the effluent respects discharge limits, the sensitivity analyses mentioned before will also be carried out on the total nitrogen removal efficiency as model output. In addition, the sensitivity to process parameters of the oxygen consumption by the different groups of microorganisms will be analysed in order to obtain further insights regarding the interactions among the microbial communities. Moreover, the ratio between oxygen consumed and total nitrogen removal efficiency will be included among the outputs analysed in order to have an indication of the trade-off between aeration energy consumption and effluent quality.
All the analyses are performed at different operating temperatures to investigate the effect of seasonal variation.
Based on the results achieved from the sensitivity analyses, a generic control idea for reducing N 2 O emissions will be formulated.
Material and methods
In this section, first the description of the model used will be provided (Section 2.1). Secondly, the two sensitivity analyses are presented in more detail: the first will investigate the effect of operating conditions (Section 2.2), while the second will investigate the effect of model parameter uncertainties (Section 2.3) according to two procedures: the Monte Carlo procedure and the Morris screening procedure.
2.1.The model
The Benchmark Simulation Model n o 2 for Nitrous oxide (BSM2N) was developed by Boiocchi et al. [7] .
The model was obtained by adopting the Activated Sludge Model for Greenhouse gases n o 1 (ASMG1) as new model for the biological processes in the main activate sludge unit of the BSM2, whose layout is presented in Figure 1 . As can be seen, the layout consists of a main and a side stream. In the mainstream, the primary sludge is removed from sewage water through a primary clarifier (PRIM). The water effluent from PRIM is carried to a biological zone of predenitrification, with two anoxic tanks (ANOX1 and ANOX2)
followed by three aerobic tanks (AER1, AER2 and AER3). The biologically-treated water passes into a secondary clarifier (SEC2). The wastage sludge from SEC2 and the primary sludge settled in PRIM are then treated in a side stream, where the sludge, after being separated from the water in a thickener (THK), is anaerobically treated in an anaerobic digester (AD) and subsequently dewatered in DW. The influent used is taken from Gernaey et al. [10] .
A graphical representation of the main model processes of the ASMG1 is given in Figure 2 (where CH 2 O is the simplified chemical formula for the organic biodegradable substrate) whereas Tables (A.1-A. 3) in the Appendix show their stoichiometry and kinetics. As can be seen in Figure 2 , the ASM1 HB denitrification, modelled as one-step process, is replaced with the four-step HB denitrification from the Activated Sludge
Model for Nitrogen (ASMN) developed by Hiatt and Grady [11] . More specifically, in the ASMN, the ASM1 reduction of nitrate and nitrite nitrogen to dinitrogen is split up into four sequential processes: (I) nitrate reduction to nitrite, (II) nitrite reduction to nitric oxide, (III) nitric oxide reduction to nitrous oxide, and (IV) nitrous oxide to dinitrogen. With regard to AOB denitrification, the model uses a modified version of the processes proposed by Mampaey et al. [12] . In particular, AOB denitrification is modelled as a twostep process where nitrous oxide is produced as a result of enzymatic reduction of nitrite via nitric oxide during the oxidation of ammonium. A limited amount of oxygen is used as well because hydroxylamine (NH 2 OH), obligatorily produced by AOB with oxygen, is the true substrate used during AOB denitrification.
The function used to include the effect of the oxygen concentration on the rate is a Haldane-type kinetics, where oxygen is enhancing AOB denitrification only for low concentrations (between 0 and 0.65 mg (-
) where the concentration of the substrate NH 2 OH increases. At higher concentrations (above 0.65 mg (-COD).L -1 ) AOB are modelled to be increasingly inhibited to use nitrite for the oxidation of NH 2 OH;
hence, oxygen has an inhibiting effect. AOB are assumed to grow during both their aerobic and their anoxic activity. The model was calibrated by Guo and Vanrolleghem [9] in order to fit the liquid predictions to the ones given by the Activated Sludge Model No. 1 by Henze et al. [13] . The parameter values of the N 2 O producing processes were determined by fixing the plant N 2 O emission factor to a constant value taken from literature. Although the quantification of N 2 O emissions by the ASMG1 may not be considered reliable, the model structure can still be used to describe how N 2 O behaves as a function of the operating conditions.
Model calibrations with respect to N 2 O production and emission in a full-scale context are rather challenging as demonstrated by Sperandio et al. [14] and can be quite specific to the particular operation of the plant, as described by Ni et al. [15] . On the other hand, models calibrated according to experimental data may present incompatibilities when incorporated together with other processes for plant-wide purposes, as explained in Snip et al. [16] . At this stage of research, though desirable, it is not possible to have a full-scale model quantifying reliably all the N 2 O produced. Nevertheless, it is possible to understand what the main operating processes minimizing the N 2 O production are and thus to build up control strategies aimed at plant carbon footprint reduction. 
2.2.Sensitivity analysis for operating conditions: input-output mapping
The first sensitivity analysis is carried out by perturbing operating conditions, considering a full-factorial design in order to study the systems response to the inputs, i.e. input-output mapping. This is done as follows: the oxygen mass transfer coefficients of the three aerobic reactors (k L a AER ) of Figure 1 
2.3.Sensitivity analysis for parameter uncertainties
The observations from the first sensitivity analysis are attempted to be verified and improved through a secondary sensitivity analysis investigating the propagation of the model parameter uncertainties to the predicted outputs. In this regard, two different sensitivity analysis methods will be used: the Monte Carlo procedure and the Morris Screening procedure.
Monte Carlo procedure
In order to present in mathematical terms the Monte Carlo approach, the notational conventions below are used.
First of all, the mathematical model is represented by the following equations:
In Eqns. (1-3) t is the time, x is the vector of state variables, x 0 is the vector of initial states, u is the vector of input variables, P is the vector of input parameters and y is the vector of output variables.
The sensitivity analysis according to the Monte Carlo procedure is performed according to the steps represented in Figure A1 (see Supplementary Information (SI)). As can be seen, the first step is to assign a proper range/uncertainty to the model inputs (u and/or P) and to consider eventual correlations between them. Afterwards, different input samples are produced using the Latin Hypercube Sampling (LHS) technique with correlation control according to Iman and Conover [17] . The sensitivity of all those outputs which could not be reliably linearized with respect to the uncertain inputs (i.e. the R 2 resulted too low) was analysed through the Morris screening procedure, presented in the next subsection.
Morris screening procedure
As mentioned before, for those outputs which cannot be accurately regressed linearly, the Morris screening procedure, whose steps are depicted in Figure A2 (see SI), is here used instead of the MC procedure. As can be seen, the procedure consists first in assigning the input uncertainty. Afterwards, the number of levels into which the input space (p) needs to be divided is decided, and thus the optimal perturbation factor (Δ) can be 
Parameter uncertainties
For both the Monte Carlo and the Morris screening sampling, following the examples by Sin et al. [20] and
Vangsgaard et al. [21] , the ASMG1 parameters are ranked according to the following uncertainty classes:
-CLASS 1: 5% uncertainty, -CLASS 2: 25% uncertainty, -CLASS 3: 50% uncertainty, -CLASS 4: 100% uncertainty.
More in detail, yield coefficients for the different microbial groups and the half-saturation coefficient for hydrolysis of slowly-biodegradable organics (X S ) are assigned to CLASS 1; decay coefficients, N contents of biomass, maximum specific growth rates and reduction factors are assigned to CLASS 2; all the halfsaturation coefficients are assigned to CLASS 3 apart from the parameters related to AOB denitrification to which the CLASS 4 uncertainty is given. Higher uncertainty is assigned to the parameters related to AOB denitrification in virtue of the fact that these parameters are related to newly-introduced processes, whose modelling is still subject to much higher uncertainties than the parameters related to the other processes originating from the better-established Activated Sludge Model for Nitrogen (AMSN) by Hiatt and Grady [11] . Table 1 summarizes the assignment of uncertainty classes to each ASMG1 parameter. 
Monte Carlo and Morris screening samplings
For the LHS, the number of samples equal to 250 is chosen and no correlation between the parameters was considered. For the Morris sampling, the number of levels (p) in which the parameter space is split up was 8
and the number of points in the parameter space at which the elementary effects are to be calculated was decided to be 15. Given that the number of uncertain parameters is 61, a number of samples equal to 930 resulted for the Morris Screening analysis. Figure 3 summarizes the steps adopted for the sensitivity analyses perturbing model parameters.
Figure 3:
Stepwise procedure adopted to perform the sensitivity analyses by perturbing model parameters.
2.4.Sensitivity analyses simulations performed
For both the sensitivity analysis investigating the effect of operating conditions and the one investigating the effect of parameter uncertainties, steady-state simulations were performed by controlling the concentration of total suspended solids (TSSs) in the last aerobic tank (AER3) at a set point of 4000 mg (TSS) , where oxygen has a moderately inhibiting effect, and
, where oxygen has a strong inhibiting effect. conditions is the same but without the three oxygen controllers. Table 2 summarizes the scenarios for the sensitivity analysis that was performed. 
Results and Discussion

The total nitrogen removal efficiency
Sensitivity analysis perturbing the operating conditions: Input-Output mapping
The TN removal efficiency resulting from the sensitivity analysis regarding the operating conditions is plotted against the influent oxygen-to-total-Kjeldahl-nitrogen ratio (RO) in Figure 6 . RO is a parameter indicating the amount of oxygen supplied versus the amount of Total Kjeldahl Nitrogen (TKN) in the influent to the activated sludge unit, calculated according to Eqn. (12) . This ratio was also used by
Vangsgaard et al. [21] and typically indicates the aeration regime of the treatment plant.
In Eqn. (12): Eqn. (12) assumes that each aerobic tank is characterized by a unique value of k L a.
As can be noted from Figure 6 , independently from the operating temperature the TN removal efficiency increases with the increase of RO until a maximal value, after which it decreases with a rather scattered behaviour according to the amount of NH 4 + in the influent. In particular, as the influent NH 4 + increases, the decrease of η TN gets steeper. The trend found suggests that for all the three temperatures there is a value for RO (RO maxTNrem ) at which the analysed output variable is maximized. In particular, for values of RO lower than RO maxTNrem the NOB activity is at zero whereas AOB activity gradually increases as RO increases (see , the NO 2 -reduction route for HB denitrification is followed rather than the NO 3 -reduction one, which requires a smaller amount of organic biodegradable carbon [25] . When RO is higher than RO maxTNrem , NOB start growing. Due to the fact that HB denitrification requires more organic biodegradable carbon for the NO 3 -reduction route, the TN removal efficiency starts decreasing. As the amount of oxygen supplied per unit of TKN fed grows further, HB denitrification is more and more inhibited by the oxygen carried into the anoxic zone through the internal recycle. As a result of HB denitrification inhibition, more organic carbon is oxidized by consuming oxygen. This leads to higher HB activity (see Figure A3d in SI). The extra amount of oxygen consumed by HB for the oxidation of organic carbon is no longer available for AOB and NOB, whose activity rates decreases.
As can be additionally noted, the value of RO maxTNrem sensibly increases as the operating temperature increases. This means that, as temperature increases, for the same amount of TKN fed in the system, more oxygen is needed to maximize the TN removal efficiency. This is ascribed to the higher amount of oxygen consumed via endogenous respiration of biomass.
Finally, it is here important to point out that the results are achieved for a fixed design of the biological zone,
where an anoxic zone of 3000 m 3 precedes an aerobic zone of 9000 m 3 . When the relative position of these zones switches (i.e. in a post-denitrification system), it is expected that, being the volume the same, HB denitrification occurs at a lower rate due to lower availability of organic carbon and higher oxygen inhibition and that η TN drops down faster after RO maxTNrem . Furthermore, keeping the total tank volume the same (i.e. in a pre-denitrification system), the larger the anoxic volume, the higher would be the TN removal efficiency and the less steep would be the drop after RO maxTNrem . 
Sensitivity analysis perturbing model parameters
The results of the sensitivity analysis investigating the impact of the parameter uncertainties on the model predictions are here considered. Table 3 shows a summary of the uncertainties of the TN removal efficiency.
The sensitivities of the output variable analysed at these operating conditions with respect to the ASMG1 parameters, obtained according to the Monte Carlo procedure, are presented in Table 4 . ASMG1 parameters having a standardized regression coefficient (β i ) value equal or higher than 0.1, are considered to have a significant impact on η TN . The sensitivity of the outputs was also analysed according to the MS procedure and the results were similar.
As can be noted from the ratio between standard deviation and mean value at all the operating conditions presented in Table 3 , the propagation of parameter uncertainties on the predicted TN removal efficiency is low. η TN increases as the temperature increases, since all the processes are generally sped up by temperature.
On the other side, as oxygen increases, the removal of TN decreases, except for the case of winter temperatures where a slight increase of oxygen concentration from 0.3 to 0.65 mg (-COD).L -1 results in an improvement of the removal efficiency.
By looking at Table 4 , the main processes found to be affecting the TN removal efficiency are: (a) aerobic AOB activity, (b) NOB activity, (c) HB denitrification, and (d) anoxic hydrolysis of entrapped organics (X S ).
In particular, the aerobic AOB activity has a positive effect, since it is the only process which converts the influent ammonium into a form of nitrogen which can be subsequently reduced into nitrogen gas. NOB activity has a negative effect, since it forces HB denitrification to work according to the NO 3 -reduction route. HB denitrification has a positive effect, since it improves the reduction of nitrogen oxides produced by nitrifying biomass into nitrogen gases. Similarly, the anoxic hydrolysis of entrapped organics has an enhancing effect on η TN , since it increases the availability of readily biodegradable organic carbon to be used as electron donor during the nitrogen oxide reduction by HB.
As can be further observed, the relevance of the rates of these processes varies in function of operating oxygen concentrations and temperatures. In particular, for the DO concentration equal to 0.3 mg (-COD).L -1
at winter temperatures the parameters describing the rate of AOB activity are the most influencing ones whereas at other temperatures the parameters describing the rate of NOB activity emerge as the most influencing. This indicates that AOB activity is more limited by oxygen at lower temperatures. On the contrary, at higher temperatures NOB activity is more determining the TN removal efficiency. By looking at the parameters that are most affecting η TN at other oxygen concentration set points, it can be noted that, independently from the temperature, the most influencing processes switch from autotrophic activity to anoxic hydrolysis of entrapped organics (X S ) and HB denitrification. It is in this case evident that an increase of oxygen concentration in the aerobic zone enhances NOB activity while gradually limiting the anoxic hydrolysis of particulate organic carbon and heterotrophic denitrification via inhibition. 
The nitrous oxide emissions
Sensitivity analysis perturbing the operating conditions
The investigation of the effect of operating conditions on the N 2 O emissions is performed by analysing the -to-N 2 reduction by HB is enhanced, leading to negative net N 2 O production by HB. AOB denitrification under this condition is faster for higher temperatures, since AOB activity, similarly to other microbial processes, is enhanced by temperature. In virtue of this, the amount of N 2 O generated from AOB denitrification is generally lower for colder temperatures; hence it is observed that at winter temperatures the contribution by HB denitrification is much more comparable to the one by AOB than for the other seasons.
In general, N 2 O emissions increase for higher temperatures.
Independently from the temperature, as oxygen concentration increases further, the operating conditions become inhibiting to both AOB and HB denitrification, and the N 2 O emissions drop consistently down. The ratios between standard deviations and mean values (σ/μ) reported in Table 5 The results in Table 6 With regard to the temperature effect, it could be noted that the availability of organic biodegradable substrates for the last HB denitrification step is more determining the total N 2 O emissions than the nitrite accumulation under oxygen limiting conditions, when temperature is low. As the temperature increases, NOB activity and nitrite accumulation emerges as the main process determining N 2 O emissions. This can be explained by the fact that, as shown in Hellinga et al. [25] , AOB maximum specific growth rate is more favoured than NOB maximum specific growth rate by temperature increase. (+), n g3 (+).
The oxygen consumption by microbial activities
In Table 7 the mean, standard deviation and ratio between them for the amount of oxygen consumed by the three different microbial groups (i.e. HB, AOB and NOB) and the specific oxygen consumption, namely the total oxygen consumed per unit of total nitrogen removed, are presented. Table 8 shows the model parameters most influencing these uncertain outputs.
As can be noted from the uncertainty analysis results, the three oxygen consumptions have a low propagation of the model parameter uncertainties. However, NOB activity under oxygen-limited conditions has higher uncertainty than the other model outputs. Similarly, the result for specific oxygen consumed is quite uncertain under oxygen-limited conditions.
Looking at the mean values achieved for the oxygen consumed by HB, oxygen competition with autotrophic biomass emerges at low DO. More specifically, when DO is equal to 0.3 mg (-COD).L that NOB activity has a negative effect on HB activity. In addition, NOB activity is found to be playing a decisive role also on the oxygen consumption by AOB. At a DO concentration equal to 0.3 mg (-COD).L -1 , NOB has an increasingly positive effect on the consumption of oxygen by AOB. This can be explained by the fact that at low oxygen concentrations, AOB denitrification is enhanced. This means that a significant fraction of hydroxylamine, produced from AOB-mediated aerobic ammonium oxidation, is oxidized by AOB using nitrite instead of oxygen. If NOB activity increases, nitrite availability will be reduced and thus AOB denitrification will be slowed down. More hydroxylamine will be oxidized with oxygen, which in turn will increase the amount of oxygen consumed by AOB. Competition between HB and NOB occurs also at higher oxygen concentrations. More specifically, as oxygen increases, NOB activity is observed to be limited by the presence of organic biodegradable carbon in the aerobic zone. As a matter of fact, the rate of the first HB denitrification step, where nitrate is reduced to nitrite, is found to positively influence NOB activity. This can be explained by the fact that, when the first reduction step by HB is slowed down, more organic carbon is fed into the aerobic zone, which increases the amount of oxygen consumed by HB and removes it from NOB. As a matter of fact, the rate of aerobic HB activity is detected to have a negative effect on NOB. This explains why, for the same operating temperature, when oxygen increases from 0.65 to 2 mg (-COD).L -1 , NOB activity decreases due to the prevalence of aerobic HB activity. This indicates that concentrations of oxygen higher than 1 mg (-COD).L -1 in the stream recycled from the last aerobic tank to the anoxic zone should be avoided to preserve high HB denitrification and preserve NOB activity, helpful for the prevention of N 2 O formation.
The amount of oxygen consumed by HB and AOB is found to increase when the oxygen concentration is increased from 1 to 2 mg (-COD).L -1
. Furthermore, these two oxygen consumptions are found to be influenced by similar model parameters, as shown in Table 8 . Among these, the parameters linked to the biomass decay emerge. As more biomass decays and a larger fraction of these decay products can be reverted into biodegradable organic carbon and ammonium, the higher is the consumption of oxygen by AOB and HB.
With regard to the oxygen consumed per unit of TN removed, excluding the value at DO equal to 0.3 mg (-COD).L -1 and a temperature of 10 o C, where uncertainty prevents from considering its mean value, it can be noted that this quantity increases as oxygen increases while it decreases at temperature increases. The oxygen effect is mainly linked to NOB activity. As a matter of fact, as oxygen is increased from 0.3 to 0.65 mg (-COD).L -1 , NOB activity increases, which in turn increases the total amount of oxygen consumed and contextually decreases the overall TN removal efficiency due to higher COD demand by heterotrophic denitrifiers. This thesis is confirmed by the sensitivity analysis results which show NOB-related model parameters as the most influencing ones at limited oxygen conditions. On the other side, the effect of temperature is due to the efficiency of HB denitrification. As temperature increases, HB denitrification gets more complete, which improves the TN removal efficiency for the same amount of oxygen consumed. This effect is deduced from the results of the sensitivity analyses performed, which shows the anoxic reduction factor for the hydrolysis of X S (n h ) and the anoxic reduction factor for the heterotrophic yield (n Y ) as the main model parameters reducing the specific oxygen consumption. 
Comparison of the behaviours observed against measurements in literature
The present work uses a specific mathematical formulation of a biochemical wastewater treatment model to derive the biological mechanisms determining the N 2 O emission dynamics, the TN removal efficiency and the oxygen consumptions in pre-denitrification WWTPs. Although the observations achieved can be considered independent from parameter uncertainties, there can still be discrepancies between the model and the reality of the WWTPs due to the mathematical structure of the model and the plant configuration.
Therefore, to assess the reliability of the identified biological mechanisms determining the TN removal efficiency, the oxygen consumptions and the N 2 O emissions, it becomes important to consider the collected WWTP data reflecting real full-scale applications. Table 9 shows the confirmation of some of the observations obtained through the present work by practical wastewater treatment plant experiences from the literature. [29] Aboobakar et al. [2] Ahn et al. [6] Stenstrom et al. [30] Ahn et al. [22] Peng et al. [31, 32] Tallec et al. [33, 34] Wunderlin et al. [35] Kampschreur et al. [36] Rassamee et al. [37] One of the main conclusions from the studies presented in Table 9 is the fact that low oxygen availability and/or accumulation of nitrites are the main causes of high N 2 O emissions. More specifically, the relative rate of NOB activity over AOB activity was found by Foley et al. [4] Aboobakar et al. [2] to occur in aerobic zones as BOD was progressively depleted and nitrification started taking place. The same full-scale measurement campaign found a clear negative correlation between oxygen concentration and nitrous oxide emission. It was more specifically found that oxygen concentrations lower than 1.5 mg DO.L -1 can trigger increased N 2 O emissions. This is congruent with the findings of our study (see Figure A6 in the SI). Ahn et al. [6] deduced from a survey on several full-scale WWTPs that high nitrite and ammonium concentrations can determine most of the N 2 O produced by AOB. Stenström et al. [30] found as well from full-scale plants measurements that AOB denitrification is one of the main N 2 O producing processes, triggered by low oxygen concentration (<1-1. The present study found that N 2 O emissions are actually triggered by temperature using the default model parameters. However, no correlation between N 2 O and temperature was able to be identified through the uncertainty analysis by perturbing the parameter values. The temperature effect needs therefore to be investigated further in the future.
A novel control idea for low N 2 O emissions
On the basis of the results achieved, a control strategy minimizing N 2 O emissions can be designed. This controller should be specifically built up in order to establish a trade-off oxygen regime slowing down N 2 O production from AOB denitrification and allowing a complete HB denitrification in function of the influent Total Kjedhal Nitrogen (TKN). The ratio between net nitrate produced and the net ammonium consumed in the aerobic zone (R NatAmm ) could be considered as controlled variable, since it approximates the ratio between NOB and aerobic AOB activity with a relatively high correlation coefficient, as shown in Figure 8 . Values of R NatAmm larger than 1 originate partly from the conversion of influent organic nitrogen into nitrate when the autotrophic bacteria are provided abundantly with oxygen. However, values of R NatAmm significantly higher than one can be attributed to a loss of heterotrophic biomass. More specifically, looking at Figure 9 depicting the difference between the concentration of heterotrophs in inflow and outflow of the aerobic zone, it can be noted that this quantity increases with RO. This means that, as RO increases, there is an overall decay of heterotrophs in the aerated zone, which releases organic nitrogen. This last compound is easily converted into nitrate by the autotrophic biomass and causes values of R NatAmm that are significantly higher than 1.
Figure 9:
Difference between HB concentration in inflow and outflow to the aerobic zone.
The need for a control loop limiting the amount of oxygen carried from the aerobic to the anoxic zone could be considered as well.
While minimizing N 2 O emissions and respecting the effluent limits, operating costs also have to be considered for real applications. The specific oxygen consumption, indicating the amount of oxygen consumed per unit of TN removed, has identified NOB activity to decrease the economic efficiency of the plant and reduce the TN removal efficiency by requiring more organic carbon for heterotrophic denitrification. However, having high NOB activity is identified as the key for preventing N 2 O production. In this case, a trade-off between operational costs versus N 2 O emissions has to be taken in view of the objectives which the WWTP managers want to prioritize. In any case, increasing the aeration is beneficial to both the N 2 O emissions and the effluent quality until a certain threshold, above which the effluent quality gets worse and N 2 O emissions do not further reduce. To calculate this critical aeration level an appropriate process control technology needs to be developed, which has been addressed in a study for which a patent has been filed [38] .
Conclusions and future perspectives
The main novelties of the present work can be summarized as follows:
sensitivity analyses have been used to deduce an idea for a control strategy. As a matter of fact, sensitivity analyses, since they provide the most influential operating conditions on the variable The results from the sensitivity analyses suggest that modelling NOB activity correctly is quite important for the correct prediction of N 2 O emissions. Till now, it has been a common practice to model N 2 O production by focusing on AOB processes while poor emphasis has been given to the modelling of NOB activity [24, [40] [41] [42] 15] ;
A novel control idea has been derived based on the sensitivity analysis results. This control strategy has been already tested in multiple model scenarios as shown in Boiocchi [43] and has also been patented [38] . Although some adaptations may be required, the control idea formulated is expected to be effective in reducing N 2 O production and consequent emissions.
One of the aspects which should be investigated further is the effect of Sludge Retention Time (SRT) on the N 2 O emissions. As a matter of fact, it was found that increasing the SRT of the plant would increase the relative activities of NOB over AOB and thus reduce nitrite accumulation and the consequent N 2 O production [44] . It is however worth to point out that the SRT is largely determined by the design of the plant and that only small variations of the same can be achieved through optimal manipulation of the wastage flow rate. A separate investigation has to be therefore carried out to quantify how possible changes of SRT can impact N 2 O emissions. Furthermore, SRT manipulation will need to be coupled with an oxygen regulation controller because oxygen availability will need to be larger as the nitrifying population grows up.
